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The intrinsically rectifying-resistive switching (IR-RS) has been regarded as an effective way 
to address the crosstalk issue, due to the Schottky diodes formed at the metal/oxide interfaces 
in the ON states to suppress the sneak current at reverse biases. In this letter, we report for the 
first time another type of IR-RS that is related to the built-in homojunction. The IR-RS study 
was usually limited to macroscopic samples with micron-order pad-type electrodes, while this 
work is on NiO nanodots fabricated with ultrathin anodic-aluminum-oxide templates and 
acting as nanoscaled analogs of real devices. The NiO nanodots show high storage density 
and high uniformity, and the IR-RS behaviors are of good device performances in terms of 
retention, endurance, switching ratio and rectification ratio. The feasibility of the IR-RS for 
selection device-free memory application has been demonstrated, by calculating the 
maximum crossbar array size under the worst-case scenario to be 3 Mbit. 
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1. Introduction 
Memristive device utilized as resistive random access memory (RRAM) has been considered 
as the most promising next-generation nonvolatile memory, due to its simple structure, high 
scalability and outstanding performance.
[1,2]
 It can be applied to the crossbar structure to 
achieve the highest storage density with the smallest cell size of 4F
2
 (F is the minimum 
feature size). In this case, however, it will suffer from the so-called crosstalk issue,
[3]
 which 
refers to the interference between the read current through the selected cell and the sneak 
current through the unselected cells. To overcome this obstacle, the integration of selection 
devices such as transistors,
[3,4]
 diodes,
[5,6]
 and selectors
[7,8]
 has been suggested. However, this 
approach is not favorable to device scaling, and the integration process is complex.
[9,10]
 
Another solution called complementary resistive switch (CRS) has also been proposed,
[11,12]
 
but the inherently destructive read operation has severely limited its application. Recently, the 
intrinsically rectifying-resistive switching (IR-RS) has been found as an effective way to 
address the crosstalk issue.
[9,10,13-21]
 In these systems, Schottky diodes are formed at one of the 
metal/oxide interfaces in the ON states to suppress the sneak current at reverse biases, and the 
diodes are annihilated,
[9,10,13,16-18]
 or switched in some cases,
[19-21]
 to reversed ones at the 
counter-interfaces in the OFF states through oxygen migration. Basically, the IR-RS is a type 
of bipolar resistive switching (RS). Besides the interface-dominated IR-RS, the IR-RS 
originating from the built-in isotype/anisotype homojunction is also possible in ohmic 
metal/oxide/metal structures, since the concentration gradient of charge carriers caused by the 
ion migration under electric field has been demonstrated.
[22-24]
 Generally, a built-in 
homojunction should allow lower reverse leakage current than a Schottky diode,
[25]
 which is 
more beneficial to addressing the crosstalk issue. However, the built-in homojunction 
dominated IR-RS behaviors have not been reported so far. In contrast to most memristive 
metal oxides of n-type conductivity, NiO as a prototypical p-type oxide is prone to form 
ohmic contacts with the frequently-used metal electrodes such as Pt and Au.
[26]
 Previous work 
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have demonstrated that the local carrier concentration in NiO can be modulated by oxygen 
migration due to the cooperative impact of Ni vacancies and oxygen vacancies, resulting in 
the inhomogeneous distribution of hole carriers.
[27,28]
 This favors the observation of built-in 
homojunction dominated IR-RS in an ohmic metal/NiO/metal structure. 
On the other hand, IR-RS in the previous work were limited to the macroscopic samples 
with micron-order pad-type electrodes.
[9,10,13,15-20]
 To check the validity of device application, 
it is imperative to reduce the dimension to the real device size. In the case of NiO, in fact, the 
nanodevice is conducive to the observation of IR-RS, due to the dominance of the bipolar 
electric-field-induced oxygen migration over the unipolar thermal effect in nanoscale NiO.
[29]
 
The bottom-up self-assembly with nanoporous templates has been demonstrated as a powerful 
approach to fabricate nanostructures, with advantages over the lithographic techniques, 
including large scale, low cost, short processing period, and sublithographic scalability.
[30-32]
 
Son et al. has studied the RS behaviors of NiO nanocapacitors, which were fabricated on a 
graphene/Nb:SrTiO3 substrate with an anodic aluminum oxide (AAO) template.
[31]
 However, 
they just observed the ordinary unipolar RS, which may be attributed to their specific device 
configuration.  
In this work, we have fabricated NiO nanodots of high storage density and high uniformity, 
by utilizing AAO templates. The NiO nanodots show two types of IR-RS behaviors, namely 
self-rectifying RS and switchable diode-like RS, with good device performances in terms of 
retention, endurance, switching ratio and rectification ratio. Due to the p-type nature of NiO 
and the respective work functions of NiO and metal electrodes, the contributions of both 
metal/oxide interfaces are ruled out, and the IR-RS mechanism is attributed to the built-in 
isotype homojunction that is modulated by oxygen migration. This is the first work reporting 
the IR-RS dominated by the built-in homojunction, differing from the previous cases 
dominated by the interfacial Schottky diodes. Additionally, the IR-RS was observed on 
nanoscaled analogs of real devices, and its feasibility for selection device-free memory 
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application has been demonstrated by calculating the corresponding maximum crossbar array 
size. 
2. Results and discussion 
Ultrathin AAO template with a nanopore depth of 200 nm was employed to fabricate NiO 
nanodots by using pulsed laser deposition (PLD), as depicted in Figure 1a. After removal of 
the AAO template, well-ordered NiO nanodots attached to the susbtrate were obtained. The 
atomic force microscopy (AFM) image in Figure 1b indicates that, the distribution of NiO 
nanodots is very uniform on a large scale of 10×10 m2. The spacing of the nanodots is 
around 100 nm, which is consistent with the AAO interpore distance (Figure S1, Supporting 
Information), and guarantees a high storage density of 110 Gb inch
-2
. The distribution of 
cumulative probability in Figure 1c reveals the uniformity of the fabricated NiO nanodots 
quantitatively. Calculated from the AFM height profile, the average height is determined to be 
23.1 2.6  nm (coefficient of variation ~ 11%). To avoid the influence of convolution with 
AFM tip, the diameters of NiO nanodots were determined to be 45.6 4.1  nm (coefficient of 
variation ~ 9%) by using scanning electron microscopy (SEM). The transmission electron 
microscopy (TEM) result in Figure 1d shows the trapezoid-like shape of NiO nanodots, which 
was caused by the progressive narrowing of nanopores during deposition. The high-resolution 
TEM (HRTEM) image of an individual NiO nanodot is shown in Figure 1e, where 
nanocrystallites with various orientations can be recognized. The inset of Figure 1e shows the 
corresponding fast Fourier transform (FFT) analysis with the NiO (111) and (200) planes 
labeled. The polycrystalline nature of NiO nanodots is beneficial to the occurrence of RS, 
owing to the facilitated ion migration along the grain boundaries.
[33]
 
     
6 
 
 
Figure 1. NiO nanodots prepared with AAO templates. a) Schematic of NiO nanodots grown 
in the pores of an AAO template via pulsed laser deposition. b) AFM morphology of 
fabricated NiO nanodots. The insets show the SEM image and the AFM height profile of NiO 
nanodots. c) Probability distributions of height and lateral diameter of NiO nanodots. d) 
Cross-sectional TEM image of an array of NiO nanodots. e) HRTEM image of an individual 
NiO nanodot. The inset is the corresponding FFT analysis. 
The RS behaviors of NiO nanodots were measured in ambient conditions with a conductive 
AFM (CAFM), which was equipped with a Pt/Ir-coated tip whose curvature radius is 20 nm. 
The CAFM can detect tiny current as small as 1 pA. During the measurement, the bias voltage 
was applied to the Pt bottom electrode (BE) with the tip grounded (Figure 2a). To measure 
the current-voltage (I-V) characteristics of NiO nanodots, the tip was located on a single 
nanodot, and the voltage was swept in a sequence of -10 V → 10 V → -10 V, which is the 
fixed voltage-sweep scheme of the instrument with a compliance current of 12.28 nA. The 
results indicate that, a single NiO nanodot shows various I-V characteristics of bipolar RS 
(Figure 2b-d), and the corresponding I-V curves in the semi-log scale are shown in the 
Supporting Information (Figure S2). Due to the variety of the bipolar RS behaviors observed 
here, and their difference from the normal bipolar RS, the state with higher (lower) currents at 
positive voltages is defined as ON (OFF) state. For the normal bipolar RS, the I-V curve of the 
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ON state is usually symmetric,
[34]
 and thus the currents at negative voltages in the ON state 
are also higher than those in the OFF state. However, for the bipolar RS of NiO nanodots, the 
I-V curves of the ON states are of rectifying characteristics, resulting in that the currents in the 
ON state may be lower than those in the OFF state at negative voltages, as shown in Figure 
2c-d. The bipolar RS with rectifying characteristics is termed intrinsically rectifying-resistive 
switching (IR-RS). Though the NiO nanodots show various RS behaviors, these behaviors are 
all IR-RS, and can be used to solve the crosstalk problem in the RRAM applications. The IR-
RS behaviors of NiO nanodots can be classified into two types, namely self-rectifying RS and 
switchable diode-like RS, based on the difference of I-V characteristics in the OFF state. We 
define a diode with forward direction at positive (negative) voltages as positive-forward 
(negative-forward) diode. Specifically, in the self-rectifying RS, the nanodot is switched to 
the ON state with positive-forward diode-like behavior for positive voltages, and back to the 
OFF state with symmetric I-V characteristics for negative voltages, with the I-V curves of both 
states crossing at 0 V (Figure 2b). If the currents at negative voltages in the ON state are 
lower than those in the OFF state, the self-rectifying RS would be non-crossing at the origin 
of I-V plot (Figure 2c). In Figure 2b, due to the specific voltage-sweep scheme of our CAFM, 
the I-V hysteresis is not necessarily closed at -10 V, which is both the beginning and ending 
point of the sweep cycle, but the following sweep cycle indicates unambiguously that the NiO 
nanodot has been switched to the OFF state at negative voltages (Figure S3, Supporting 
Information). In the switchable diode-like RS, the positive and negative voltage-sweeps 
induce the ON state with positive-forward diode-like behavior and the OFF state with 
negative-forward diode-like behavior, respectively (Figure 2d). The switchable diode-like RS 
results from the excess ion migration at negative voltages, evidenced by the controlled 
experiment in which the voltage-sweep to -8 V results in the self-rectifying RS, while the 
voltage-sweep to -10 V leads to the switchable diode-like RS (Figure S4, Supporting 
Information). The occurrence of two types of IR-RS behaviors in the same voltage range is 
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attributed to the randomness of ion migration on the nanoscale. In spite of the behavior 
difference at negative voltages, the behaviors at positive voltages are pretty uniform (Figure 
S5, Supporting Information). We have checked the IR-RS behavior of NiO nanodots with a 
different voltage-sweep scheme, in which a voltage-sweep from 0 V to a large voltage was 
applied to trigger the ON state, and a voltage-sweep in a smaller range was utilized to 
measure the static rectifying I-V characteristics of the ON state (Figure S6, Supporting 
Information), by employing an external source meter combined with the scanning probe 
microscope (SPM) setup. The small currents in both OFF- and ON-states are ascribed to the 
tiny contact radius between the CAFM tip and the sample, which was calculated to be 1.38 
nm in our previous work.
[28]
 If the sample was fabricated into crossbar with feature size of 
decades-of-nanometers, the working currents would be in the range of nanoamps to 
microamps, which would be more proper for practical applications. 
Besides the I-V characteristics, the bipolar RS behaviors of NiO nanodots have also been 
demonstrated by CAFM mapping. In Figure 2e, the area in the yellow dashed box was written 
with a 5 V bias, and the entire area was read with a 2 V bias, showing that some nanodots 
have been changed to the ON state. A larger writing voltage of 8 V can switch nearly all the 
NiO nanodots to the ON state, but artifacts may be introduced in the morphology image due 
to the higher applied electrical field (Figure S7, Supporting Information). Unlike the bipolar 
RS of electrochemical metallization mechanism (ECM), the bipolar RS of valence change 
mechanism (VCM) does not need a threshold voltage for its occurrence, and a larger voltage 
or a longer biasing duration just facilitates the bipolar RS through enhanced anion 
migration.
[35]
 Since a fresh tip can contact well with the Pt-BE and read out the current 
(Figure S8, Supporting Information), the absence of current in between the NiO nanodots in 
Figure 2e should be attributed to the morphologic degradation of CAFM tip caused by the 
strong electrical stress during the writing process. The ON states of NiO nanodots can be 
erased by applying a -5 V bias, resulting in the CAFM mapping with only current arising from 
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some interstices between the nanodots (Figure 2f). In Figure 2g-j, we focus on the current 
mapping of a single nanodot. The nanodot was initially insulating with surrounding current 
arising from the naked Pt-BE (Figure 2h). After the writing operation with a 5 V bias, the 
nanodot was switched into the ON state with pronounced conductivity localized around the 
edge area of the nanodot (Figure 2i). The written ON-state is long-lived and can persist for at 
least 18 hours (Figure 2j), showing better performance than the NiO films investigated by 
CAFM mapping.
[36]
 Both the I-V measurements and the CAFM mapping results demonstrate 
the stable IR-RS behaviors of NiO nanodots, which is useful for selection device-free memory 
application. 
 
Figure 2. IR-RS of NiO nanodots. a) Schematic of CAFM measurement setup for NiO 
nanodots. b) Self-rectifying RS, c) Non-crossing self-rectifying RS, and d) Switchable diode-
like RS of NiO nanodots. The red I-V curves were got by sweeping from -10 V to 10 V, and 
the blue curves were got by sweeping from 10 V to -10 V. The specific voltage-sweep 
sequence is labelled in b) as an example. Reading current mapping of e) written ON-state and 
f) erased OFF-state of NiO nanodots. g) AFM image containing one complete NiO nanodot. 
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h) Initial reading current mapping, i) Current mapping of the as-written ON-state, and j)  
Current mapping of the ON state after 18 hours superposed on the AFM topography. The 
writing voltage is 5 V, the erasing voltage is -5 V, and the reading voltage is 2 V. 
As shown in Figure 3a, the endurance test indicates that the RS behavior of a single NiO 
nanodot can be cycled for nearly 900 times. In contrast, the endurance of other devices 
investigated with CAFM is usually limited to several tens cycles, which was ascribed to the 
drift of AFM tip.
[37]
 Therefore, NiO nanodots are demonstrated with good device performance 
for memory applications. In Figure 3a, the currents in the ON state were extracted from the I-V 
curves at 2 V to achieve larger ratios between the OFF-state resistances and the ON-state 
resistances (ROFF/RON), and a typical value of 10
4
 can be recognized. The ROFF/RON ratios with 
currents extracted at 1 V are around 10
3
 (Figure S9, Supporting Information). Actually, the 
ROFF/RON ratios at 2 V should be even larger if the compliance current is set higher and/or the 
current detection of the CAFM is more sensitive. Nevertheless, the ROFF/RON ratio of the IR-RS 
of NiO nanodots is a satisfactory result to facilitate the RRAM applications, since the value of 
the normal bipolar RS based on anion migration is usually less than 10
3
.
[38]
  In Figure 3b, the 
rectification ratios of ON states of a NiO nanodot were calculated with the currents at ± 2 V, 
and the results are concentrated around 10
3
-10
4
, with 72% larger than 10
3
. The results of 
ROFF/RON ratios and rectification ratios for 10 nanodots are shown in Figure 3c. The parameter 
dispersion of different NiO nanodots may be attributed to their differences in crystallinity and 
defect density. The average ROFF/RON ratio and rectification ratio for different NiO nanodots is 
calculated to be 2918 and 1572, respectively. Evaluated under the worst-case scenario with the 
Vr bias scheme,
[39]
 the large ROFF/RON ratios and rectification ratios observed in the IR-RS of 
NiO nanodots will in principle benefit the mitigation of the crosstalk issue. Therefore, a large 
crossbar array size can be expected in the subsequent calculation section. The nonlinear I-V 
characteristics of RS can also be exploited to address the crosstalk issue,
[40]
 but the nonlinearity 
of the IR-RS of NiO nanodots is not that outstanding (Figure S10, Supporting Information), so 
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the prominent rectifying characteristics would contribute most to alleviating the crosstalk 
problem in this work. 
Figure 3. a) Endurance of the IR-RS tested on a NiO nanodot. b) Rectification ratio 
distribution of 32 ON-state curves for a single NiO nanodot. c) ROFF/RON ratios and 
rectification ratios of ten NiO nanodots, averaged from five consecutive I-V curves for each 
nanodot. 
To investigate the mechanism of IR-RS, especially the role of oxygen playing in the IR-RS 
of NiO nanodots, we measured the RS behaviors in air and in vacuum, respectively. The NiO 
nanodot measured in air in the voltage range of -3 ↔ 3 V shows bipolar RS behavior (Figure 
4a), despite the weak rectifying behavior that is due to the insufficient ion migration limited 
by the relatively low bias voltage for the VCM-dominated bipolar RS. However, the 
measurement in vacuum in the same voltage range doesn’t show any RS behaviors at all with 
null current, unless the range was expanded to -10 ↔ 10 V (Figure 4b). The CAFM mapping 
shows that the NiO nanodots can be switched by a 10 V bias, with the conducting areas 
locating only at the edges of the nanodots. These observations indicate that oxygen plays an 
important role in the IR-RS of NiO nanodots. Yoshida et al.
[41]
 demonstrated that the bipolar 
RS of NiO films is caused by oxygen migration, by using 
18
O tracer gas and time-of-flight 
secondary ion mass spectrometry (TOF-SIMS). In contrast, Lee et al.
[42]
 suggested that it is 
caused mainly by the electrochemical redox action at the electrode-film interface instead, 
based on the observations by CAFM and Kelvin probe microscopy (KPM). Note that the 
descriptions of the two mechanisms capture only the main features of them for simplicity, but 
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the oxygen migration mechanism will also inevitably result in the oxidation/reduction of 
cations in NiO. We have studied carefully the possible mechanisms for the IR-RS of NiO 
nanodots, leading to a conclusion that the mechanism involves the built-in homojunction 
induced by oxygen migration, while both NiO/metal interfaces should be ohmic during the RS 
events. Details are as follows.  
Considering the p-type conductivity of NiO and work functions of NiO and Pt, it can be 
deduced that NiO/Pt-BE interface should not be involved in the RS of NiO nanodots. Because 
of the p-type nature of NiO, the NiO/Pt-BE interface cannot form a positive-forward Schottky 
diode when a bias voltage is applied to the Pt-BE. The energy band analysis on the contact 
between NiO and metal electrodes is available in the Supporting Information (Figure S11). 
The work function of NiO was reported to range from 3.8 eV to 5.4 eV,
[43]
 and that of Pt is 
5.7 eV,
[44]
 so the contact between NiO and Pt has always been considered to be ohmic,
[26]
 as it 
should be in this study. 
If the electrochemical redox reaction dominates the IR-RS of NiO nanodots, the tip/NiO 
interface should be recognized as the switching region, and the RS processes can be described 
as the modulation of interfacial Schottky barrier by the oxygen incorporation/extraction. In 
this case, the RS behaviors should not be anticipated in a device capped with top electrode 
due to the blocking for oxygen exchange. However, in a Au/NiO nanodot/Pt structure, we 
have also observed the identical IR-RS behaviors (Figure S12, Supporting Information), 
which suggests that the electrochemical redox reaction should not play a significant role in the 
IR-RS of NiO nanodots. Moreover, the electrochemical redox mechanism cannot explain 
consistently both the self-rectifying RS and the switchable diode-like RS. Consequently we 
need to consider the possible mechanism related to oxygen migration in NiO. 
We would like to point out that, despite the well-known defect chemistry of NiO from 
earlier studies
[45-47]
 suggesting that the main defect species in NiO are Ni vacancies, which are 
responsible for the p-type conductivity of NiO, the oxygen vacancies are also expected to play 
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an important role at low work-temperatures and low oxygen-pressures.
[48]
 The NiO nanodots 
in this work were prepared at 500 ℃ and 1.5 Pa oxygen-pressure, which are almost the same 
with the conditions for NiO films in our previous work,
[28]
 in which the oxygen vacancies in 
NiO have been observed directly by scanning transmission electron microscopy (STEM). 
Therefore, the oxygen vacancies should be involved in the IR-RS mechanism of NiO 
nanodots. Recently, several experimental work have demonstrated the oxygen migration in 
the bipolar RS of NiO.
[41,49]
 Therefore, we will consider the oxygen migration instead of 
nickel migration for the IR-RS mechanism of NiO nanodots. 
If the IR-RS of NiO nanodots is caused by oxygen migration, the tip/NiO interface should 
not be regarded as the switching region, because the downward oxygen migration at positive 
voltages will reduce the work function of NiO (Ref. 50) near the surface to facilitate the 
ohmic conduction at the tip/NiO interface, resulting in symmetric I-V characteristics instead 
of diode-like behavior in the ON state. Therefore, regardless of the specific mechanism, the 
tip/NiO interface cannot be the switching region of NiO nanodots, and it is indeed ohmic 
contact as evidenced by the symmetric I-V characteristics in the pristine state (Figure 4c). The 
larger work function (5.5 eV) of the Pt/Ir coating of CAFM tip
[51]
 also supports the ohmic 
contact at the tip/NiO interface. 
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Figure 4. Mechanism of the IR-RS of NiO nanodots. RS behaviors of NiO nanodots 
measured a) in air and b) in vacuum with a compliance current of 100 pA. The upper left inset 
in b) shows the current measured in the voltage range from -3 V to 3 V. The bottom right 
inset in b) shows the reading current mapping of the written ON-states of NiO nanodots, 
where the writing voltage is 10 V, and the reading voltage is 3 V. c) Symmetric I-V 
characteristics of tip/NiO/Pt structure in the pristine state. Schematics of d) the positive-
forward diode-like ON-state for both self-rectifying RS and switchable diode-like RS , and e) 
the insulating OFF-state for self-rectifying RS, and the negative-forward diode-like OFF-state 
for switchable diode-like RS in the built-in homojunction dominated mechanism. The tip/NiO 
and NiO/Pt-BE interfaces are both ohmic contacts during the RS events. The white circles 
represent oxygen ions. 
Interestingly, the possible built-in homojunction formed by oxygen migration can be fully 
responsible for the results. The oxygen migration will modulate the local carrier concentration, 
resulting in a concentration gradient of charge carriers along the elelctric-field direction in the 
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device, which gives rise to the rectifying characteristics of built-in isotype/anisotype 
homojunctions. In the case of NiO nanodots, the downward migration of oxygen ions at 
positive voltages will increase the hole carrier concentration in the region near the Pt-BE, due 
to the increased concentration of isolated Ni vacancies.
[27]
 While in the region near the NiO 
surface, the hole carrier concentration is reduced due to the introduction of more oxygen 
vacancies. The concentration gradient of hole carriers in the NiO nanodot will result in a p-p 
isotype homojunction at equilibrium (Figure 4d), which can account for the positive-forward 
diode-like ON-state of NiO nanodots. It is worth mentioning that the formed homojunction 
can also be understood in the framework of work function change related to oxygen content. 
Though the conduction transition from p-type to n-type with decreasing oxygen content has 
been demonstrated in NiO,
[52]
 it is not anticipated in this study, because a negative-forward 
diode will form between the n-type NiO near the surface and the tip coating in this case. 
Accompanying the oxygen migration, oxygen is incorporated from the ambient through the 
electrochemical redox reaction at the surface, which is enhanced by the large surface area of 
NiO nanodots. The consequent oxygen diffusion into the NiO nanodots will increase the 
overall concentration of hole carriers. At negative voltages, the oxygen ions drift backwards 
with oxygen extraction occuring at the surface, which results in the annihilation of built-in p-p 
homojunction, switching NiO nanodots to the insulating OFF-state (left panel in Figure 4e). 
In some cases, if the upward oxygen migration is excess or the outward oxygen extraction is 
small, the formed isotype homojunction may be reversed to a negative-forward p-p 
homojunction after the negative-voltage biasing (right panle in Figure 4e), resulting in the 
switchable diode-like RS behaviors. The schematics of respective band diagrams for Figure 
4d-f are available in the Supporting Information (Figure S13). Therefore, it can be concluded 
that the mechanism of the IR-RS of NiO nanodots should be attributed to the built-in 
homojunction, differing from the previous cases which are dominated by the interfacial 
Schottky barriers.
[9,10,13-21]
 It should be mentioned that, the moisture has been revealed to play 
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an important and even deterministic role in some ECM- and VCM-based memories,
[53-55]
 
however, it should not be invoked in this work, since we have demonstrated, in our previous 
work, that the moisture does not have a notable influence on the CAFM-investigated RS 
behaviors of NiO.
[28]
 
It is worth mentioning that the built-in homojunction characteristics caused by oxygen 
migration was reported in studying the electrical degradation of SrTiO3 in the early ‘90s.
[56]
 It 
has also been proposed that p-n anisotype homojunction was formed in Bi0.8Ca0.1FeO3- in the 
Bi0.8Ca0.1FeO3-/SrRuO3 heterostructure.
[57]
 However, the presence of ferroelectricity and the 
related polarization-direction-controlled interface barrier
[58,59]
 and domain wall conductivity
[60]
 
makes the issue complicated. Recently, a theoretical work showed that a p-n anisotype 
homojunction should form in the memristive devices through the migration of n-type dopants, 
with interfaces assumed to be purely ohmic.
[24]
 However, the characteristics of built-in 
homojunction have always been missed in the RS of metal oxides, likely due to the dominant 
role of the interfacial barriers in the metal/oxide/metal structures, since most memristive 
oxides of interest are n-type, such as SrTiO3,
[61]
 TiO2,
[34]
 ZnO,
[62]
 HfO2,
[63]
 and ZrO2,
[64]
 which 
are apt to form Schottky barriers with the metal electrodes, masking the effect of the built-in 
homojunctions. 
To evaluate the validity of the IR-RS of NiO nanodots for addressing crosstalk issue, we 
have calculated the maximum crossbar array size with the one bitline pulled up (OBPU) 
approach,
[65]
 in which a pull-up voltage (Vpu) and a pull-up resistance (Rpu) should be inputted 
(Figure 5a). We have assumed the worst-case scenario, where all unselected cells are in the 
ON-state (OFF-state) when reading a selected OFF-state (ON-state) cell.
[65]
 With the 
increasing size of crossbar array, the difference between the output voltages (Vout) of ON-state 
and OFF-state will be reduced, due to the increase of sneak current paths. The read margin 
[Vout/Vpu = (Vout,OFF – Vout,ON)/Vpu × 100%] of 10% has been frequently employed as the 
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minimum creterion to calculate the maximum crossbar array size,
[20]
 which is determined by 
the specific I-V hystersis loop characteristics. Giving a combination of (Vpu, Rpu), a maximum 
number Nmax of word/bit lines will be obtained. Since the non-crossing self-rectifying RS 
allows lower current at reverse biases, it is utilized for calculation to achieve the largest 
carossbar array size. The numerical simulation of the I-V characteristics of non-crossing self-
rectifying RS is available in the Supporting Information (Figure S14). Figure 5b shows the 
results with a Vpu range of 3.4 - 4.1 V, and an Rpu range of 24000  31000 . In the whole 
range, the calculated maximum number Nmax is larger than 1000, which guarantees a wide 
selection range of reading voltages. A maximum number of Nmax=1701 is achieved with the 
combination of (26500 , 4.1 V), leading to the maximum crossbar array size of 3 Mbit for 
selection device-free memory application, which shows obvious superiority over most cases 
of interface-dominated IR-RS.
[13,17]
 Figure 5c shows the read margin evolution with the 
number of word/bit lines for a given (Vpu, Rpu). The detailed calculations are available in the 
Supporting Information (Figure S15). Therefore, NiO is suggested as a promising material for 
memory applications, especially regarding its simple constituent and compatibility with 
complementary metal-oxide-semiconductor (CMOS) process.
[41,66]
 Though the built-in 
homojunction dominated IR-RS in this work is achieved in the nanodot form as a conceptual 
demonstration, we believe it should also apply to the crossbar structure, since it relies only on 
the ohmic contacts and the generation of concentration gradient of charge carriers. Further 
experimental realization will be appreciated. 
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Figure 5. Calculation of the maximum crossbar array size for the self-rectifying RS of NiO 
nanodots. a) Reading a OFF-state cell under the worst-case scenario with the OBPU approach, 
where all unselected cells are in the positive-forward diode-like ON-state. The schematic for 
reading a positive-forward diode-like ON-state cell is not shown, where all unselected cell are 
in OFF-state. Vout is the readout voltage. The black dash line indicates the read current path, 
and the red one indicates a representative sneak current path. b) Calculated maximum number 
Nmax of word/bit lines for different combinations of (Rpu, Vpu), with Rpu in the range of 24000-
31000 , and Vpu in the range of 3.4-4.1 V. A maximum Nmax of 1701 is achieved with 
combination of (26500 , 4.1 V). c) Read margin evolution with the number of word/bit lines 
for the combination of (26500 , 4.1 V). Inset shows the readout voltage evolutions of both 
ON-state and OFF-state. 
3. Conclusion 
In summary, we have fabricated NiO nanodots of high density and uniformity with ultrathin 
AAO templates. Investigated by CAFM, NiO nanodots show typical IR-RS behaviors, 
including self-rectifying RS and switchable diode-like RS, and the good device performance 
in terms of retention, endurance, switching ratio and rectification ratio have been indicated. 
According to the p-type nature of NiO and the respective work functions of NiO and metal 
electrodes, the IR-RS mechanism of NiO nanodots is attributed to the built-in isotype 
homojunction that is modulated by oxygen migration, which is evidenced by the contrast 
experiments in air and in vaccum. Under the worst-case scenario, the maximum crossbar array 
size is calculated to be as large as 3 Mbit with 10% read margin, outperforming most cases of 
the interface-dominated IR-RS reported previously. This is the first work reporting the IR-RS 
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dominated by the built-in homojunction, which was studied on the nanoscale, and its 
superiority for selection device-free memory application has also been demonstrated. To this 
end, NiO is suggested as a promising material for memory applications, combining with its 
other advantages. 
4. Experimental Section 
Fabrication of NiO nanodots: Purchased AAO templates were transferred to commercial 
Pt/Ti/SiO2/Si substrates. Using a sintered ceramic NiO target, NiO nanodots were prepared by 
PLD method, which was equipped with a KrF excimer laser (= 248 nm, pulse energy = 110 
mJ, frequency = 3 Hz, Lambda Physik). The deposition temperature was 500 ℃. The base 
pressure was 1×10-3 Pa, and the oxygen pressure during deposition was 1.5 Pa. For the 
Au/NiO nanodot/Pt samples, the Au top electrodes were deposited by magnetron sputtering 
after the deposition of NiO. Finally, the AAO templates were lifted-off by mechanical method. 
Characterizations: The surface topography of NiO nanodots were characterized by the AFM  
mode of a Bruker Multi-mode 8 SPM. The SEM image was obtained in an S-4800 SEM 
operated at an acceleration voltage of 5 kV (Hitachi, Japan). Samples for cross-section TEM 
were prepared using a standard procedure consisting of gluing, cutting, mechanical polishing, 
dimpling, and ion milling. The TEM measurements were operated on a Tecnai F20 
transmission electron microscope operated at an acceleration voltage of 200 kV (FEI, USA). 
Electrical measurements: The electric measurements were all accomplished by CAFM setups, 
including a Bruker Multi-mode 8 SPM with a CAFM module, whose compliance current is 
12.28 nA, and a Seiko SII E-SWEEP AFM with a current collector, whose compliance current 
is 100 pA, the former enables only measurement in atmosphere, while the latter can perform 
measurements in vacuum. When a different voltage-sweep sequence was needed, an external 
Keithley 2400 source meter was employed, which also enables different compliance currents. 
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TOC Entry: 
NiO nanodots fabricated with ultrathin anodic aluminum oxide (AAO) templates show 
typical intrinsically rectifying-resistive switching behaviors, which are exclusively attributed 
to the built-in isotype homojunction induced by oxygen migration. Under the worst-case 
scenario, the maximum crossbar array size is calculated to be as large as 3 Mbit. This work 
has demonstrated the superiority of NiO for memory applications. 
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